We present a possible understanding to the issues of cosmological constant, inflation, matter and coincidence problems based on the Einstein equation and Hawking pair production of particles and antiparticles. In this scenario, the cosmological constant is attributed to the spacetime horizon that generates matter via pair productions, in turn the matter contributes to the RHS of the Einstein equation, conversely governing the spacetime horizon. In such a way, the cosmological and matter terms are interacting via the spacetime horizon in their evolutions. As a result, the inflation naturally appears and results agree to observations.
I. INTRODUCTION
In the standard model of modern cosmology (ΛCDM), the cosmological constant, inflation, normal/dark matter and coincidence problem have been long standing issues since decades. There are various models and many efforts, have been made to approach these issues, and readers are referred to review articles and professional books, for example, see Refs. [1] [2] [3] [4] [5] . We present here a possible understanding to these issues, on the basis of the Einstein equation and the Hawking pairproduction of particles and antiparticles. In this theoretical framework: the cosmological Λ-term is attributed to the spacetime horizon, which generates matter term via the Hawking pair production of particles and antiparticles; in turn the matter term contributes to the right-handed side of the Einstein equation, conversely governing the spacetime horizon. In such a way, the cosmological and matter terms are interacting via the spacetime horizon in their evolutions.
As one of fundamental theories for interactions in Nature, the classical Einstein theory of gravity, which plays an essential role in the standard model of modern cosmology (ΛCDM), should be realized in the scaling-invariant domain of a fixed point of its quantum field theory, analogously to other renormalizable gauge field theories in the standard model of particle physics. It was suggested [6] that the quantum field theory of gravity regularized at an ultraviolet (UV) cutoff might have a non-trivial UV-stable fixed point and asymptotic safety, namely the renormalization group (RG) flows are attracted into the UV-stable fixed point with a finite number of physically renormalizable operators for the gravitational field. The evidence of such UV-stable fixed point has been found in the different short-distance regularization frameworks [7] [8] [9] [10] [11] [12] [13] [14] , as well as our approach to the quantum gravity [15, 16] that will be discussed below.
The Einstein gravity should be considered as an effective field theory of two physically relevant area operators of the Ricci scalar R and cosmological Λ-term,
in the scaling invariant domain of fixed points, where irrelevant high-dimensional operators (· · ·) are suppressed. The gravitation constant G ∼ 2 pl = M −2 pl is the smallest area at the Planck cutoff, while the cosmological constant Λ should represent an intrinsic scale of the area operator R for the spacetime. It is a difficult problem to find a viable field theory of quantum garvity regularized at the Planck scale, and its fixed points where the scaling-invariant effective action (1) is achieved, and quantum fluctuations and their operators at short distances pl are irrelevant and can be averaged with respect to the correlation length ξ pl at large distance. There are many approaches to this problem and we briefly mention one of them. As the Wilson loop ∼ exp(ie C A µ dx µ ) in gauge theories, the regularized action of quantum gravity can be given by the diffeomorphism and local
Lorentz gauge-invariant holonomy field [15] ,
in terms of tetrad and spin-connection fields (e, ω), where the dimensionless gravitational coupling [16, 17] . This is a brief recall for one of possible explanations that the cosmological Λ-term represents the pure and intrinsic nature of the spacetime horizon, rather than the nature of exotic matter fields and their energies. If matter fields coupled to the spacetime are present in the regularized action (2), we expect another fixed point, where the effective theory (3) is achieved with the scaling law
for the horizon size.
However, the quantum aspect and origin of the cosmological Λ-term are not issues of this article.
In the present article, we show that via the Hawking process of pair production, the matter is produced from the spacetime horizon H, which is attributed to the cosmological Λ-term. In turn, the time evolution of the horizon H is governed by the cosmological Λ-term and matter so produced, through the Einstein equation from the effective theory (1) in the presence of the matter-field effective action A matter EC :
From this point of view, the evolutions of the Universe horizon H, cosmological Λ-term and matter term are closely related and coupled each others. It is the goal of this article to find the the time-evolution of the Universe horizon H, cosmological Λ-term and matter term, as well as their Eq. (4),
and implementing a negative mass density ρ Λ = Λ/(8πG) ≡ −p Λ . This practical analogy between T ab Λ (8) and T ab Λ (4) is purely technical in the sense of the convenience for calculations and expressions below. In so doing, we do not make any model to change the physical and geometrical nature of the cosmological Λ-term that are previously discussed in Sec. I. The interested readers are referred to the Ref. [18] for the more detailed discussions on the cosmological Λ-term with respect to the vacuum energy of local field theories. In these notations, Equation (7) is equivalent to the total conservation law expressed by
which is one of fundamental equations studied in the present article.
B. Generalized equations in Friedmann Universe
In the Robertson-Walker spacetime ds 2 = dt 2 − a 2 (t)dx 2 of zero spatial curvature, defining variables of gravitational coupling g = G/M −2 pl and Hubble rate H =ȧ/a, Equations (5) and (7) become [17] ,
and
where ω M = p M /ρ M , x = ln(a/a • ), d(···)/dt = Hd(···)/dx. We define the -rate of H-variation:
to characterize different epochs of Universe evolution. Moreover, we need the physical knowledge of two additional equations or formula to describe:
(i) how matter Ω M is produced and evolves, as well as its initial value Ω • M . This will be discussed in Sec. III;
(ii) how gravitational coupling g varies and its initial value g • . This can be obtained from the renormalization group equation at an adequate fixed point, see for example Refs. [17] and [19] .
The initial conditions of these differential equations are given by the initial scales or values of Scaling factor a • ,
and Gravitational coupling g • , to describe the beginning of Universe evolution epochs under consideration. These initial scales (14) and (15) depend on not only a specific epoch of Universe evolution, but also the transitions from one epoch to another, and should eventually be determined by observations. On the other hand, these initial scales should be chosen in the range where the description of effective Einstein theory (4) for the Universe evolution is valid, namely the initial scales should be rather smaller than the Planck scale. This is important for the beginning of early Universe, inflation and reheating epochs that will be duly discussed.
In this article, for simplicity we only consider the constant gravitational coupling g = 1, namely, [20] . Equations (10, 11) and (12) are recasted into two independent equations,
where, the first equation (16) In this article, as a convenient unit for calculations and expressions, we adopt the reduced Planck scale m pl ≡ (8πG) −1/2 = 1, unless otherwise stated. Note that the reduced Planck scale m pl = (8π) −1/2 M pl = 2.43 × 10 18 GeV.
III. PAIR PRODUCTION FROM SPACETIME

A. Matter from spacetime
In this article, the matter is produced from the spacetime by the Hawking pair production of particles F and antiparticlesF :
Such pair production is a semi-classical process of producing particles and antiparticles in an external field H of the spacetime, which obeys classical equation (16) and (17) . We a priori assume that the H-field slowly varies, compared with the rates of pair-production and/or other microscopic processes, namely the -rate (13) is very small ( 1) . Therefore, to calculate the matter content Ω M (h), we consider the spontaneous pair production of massive spin-1/2 particles 
where z ≡ kH −1 e −Ht , the particle mass µ = m/H and momentum k, the Bogolubov coefficient up to the n-th adiabatic order |β
in the ultraviolet (UV) limit. Due to the exact De Sitter symmetry (H = const), the energy-momentum tensor of produced FF pairs is [21, 23] . On the other hand, the inverse process
of particle F and antiparticleF annihilation to the spacetime can take place as well.
B. Back-reaction and energy-momentum tensor
Because of pairs FF production (18) and annihilation (20) , as well as their back reaction on the spacetime through the Eqs. (16) and (17), the H-field can not keep its constancy. Such back reaction processes lead to a possibly slowly decreasing H, as a result the exact De Sitter symmetry of (H = const) is broken. Therefore, we assume the energy-momentum tensor T ab M of FF pairs to be spatially homogenous and in the form (8) of the energy density
and the pressure
where the spectrum of created particles k = a −1 [(k/a) 2 + m 2 ] 1/2 , and the equation of state is
To ensure the UV finiteness of Eqs. (19) , (21) and (22), the appropriate adiabatic order "n" is considered,
where
ν (z) is the Hankel function of the first kind, and f (n)
. It is conceivable thatThe spacetime of the horizon H −1 could produces many particles and antiparticles (dark matter and normal matter) of different masses m > H and degeneracies g d , and their energy densities and pressures contribute to total energy density ρ M and pressure p M . We simply introduce the unique mass scale parameter "m" to effectively characterize and describe the total contribution from all kinds of particle-antiparticle pairs to Eqs. (19) , (21) and (22) , and its value is determined by observations.
IV. COSMIC INFLATION
In this section, we study the inflation epoch on the basis of (i) the evolution equations (16) and (17) of the Universe in Sec. II; (ii) the pair production from the spacetime described by densities n M , ρ M and pressure p M of Eqs. (19) , (21) and (22) in the previous Sec. III. We adopt that the initial conditions (14) and (15) at the beginning Universe is of pure spacetime nature without any matter content at the horizon H • : 
and the critical density ρ • c = 3H 2 • /(8πM −2 pl ) as the initial conditions (25), we numerically integrate Eqs. (16, 17) and (21, 22) . As a result, we find that the cosmic inflation of very slowly decreasing h 2 and Ω Λ (h) is indeed a solution, as illustrated in Fig. 1 . The reason is that the pair production (19) is not so rapid that Ω M are very small and slowly increases, thus h 2 and Ω Λ decrease slowly, see Eq. (17), as a function of e-folding numbers ln(a/a • ). Consequently, we obtain the solution to the cosmological "constant", slowly varying as an "area" law:
This result is consistent with Eq. ln(a/a • ) > 10 10 , the horizon h and Ω Λ (h) monotonically decreases. This implies that quantum fluctuation modes in this regime are able to exit the horizon and reenter the horizon later on, imprinting their traces on the CMB power spectrum at larger scale, and nonlinear regimes of forming large scale structure and galaxies, even today. This is just a speculation, since we do not have a valid quantitative approach to the pre-inflation epoch. Nevertheless, we would like to point out the sign of the equation of state ω M (23) monotonically decreasing in Fig. 1 , which would relate to observational effects. We will come back to this point at the end of next section.
In terminology, we call this epoch as (16) and (17) for the Universe evolution run into the regime of smallness H/m 1, where it is difficult to perform numerical calculations of Hankel functions [24] in Eqs. (19) , (21) and (22) for pair productions as functions of µ = H/m. Apart from these numerical difficulties, it is also important to note that the condition H/m 1 is physical, in the scenes that the wavelengths λ −1 of particles produced are smaller than the radius H −1 of the Universe horizon, i.e., λ = m −1 H −1 , therefore there particles are well inside the Universe horizon, and their energy-mass content contributes to the Universe evolution. We seek for an analytical approach to these formulae for pair productions in this regime (H/m 1) and find asymptotic expressions:
Reference [21] shows that the number density (19) asymptotically approaches n M ∼ mH 2 , and we numerically determine χ value in Eq. (28) . In addition, we insert the damping factor e −σ(z 2 +µ 2 ) into n M → n M (σ) to estimate the s-term in Eqs. (29) and (30) Another important quantity describing the pair-production process is the averaged pairproduction rate
where N = n M H −3 /2 is the number of particles. Using Eq. (28), we obtain
where the -rate for the Universe evolution is defined in Eq. (13) . We note in advance that these analytical expressions for the regime (H/m 1), which approximately describe the Hawking process of pair-production of particles and antiparticles, are essential for our further analyzing each epoch of the Universe evolution.
Inflation epoch and its end
For the inflation epoch, we select the initial scales at the scaling factor a * , the horizon H * and the critical density ρ *
as the initial conditions (14) (15) for evolution equations (16) and (17) . The selected initial scale H * m pl so that the details of quantum gravity and/or Planck transition could possibly be ignored in the inflation epoch and Eqs. (16) and (17) could be approximately hold, and we will verify the condition H * m pl afterward.
The energy content of pairs produced in this epoch is
Consequently, Eq. (17) becomes
yielding the solution
slowly decreasing for the dimensionless parameter
that we define here and will be used henceforth.
Because of the continuous pair productions, Ω M increasing, H and Ω Λ decreasing, the inflation ends at a = a end and H = H end . This can be estimated by the rate H end being smaller than the averaged pair-production rate Γ M (32), namely
This inequality provides the upper bound H end of the horizon H at the end of inflation. The value H end should be determined more precisely from the epoch transition from the inflation to the reheating.
C. Comparison with observations
Let the initial scale H * of the inflation correspond to the interested mode of the pivot scale k * crossed the horizon (c s k * = H * a * ) for CMB observations, one calculates the scalar, tensor power spectra and their ratio
where c s < 1 due to the Lorentz symmetry broken by the time dependence of the background [2] .
Their deviations from the scale invariance is described by
to the leading orders,
where (· · ·) ≡ d(· · ·)/dx. We calculate the -rate (13) and its derivative, 
which are evaluated at the pivot scale k * .
Based on two CMB observational values at the pivot scale k * = 0. 05 (Mpc) −1 [25]:
(i) n s ≈ 0.965, we use Eq. (42) to estimate 
and Eq. (32) to give the pair-production rate Γ * M = (χm * /4π) = 7.9 × 10 −6 m pl ,
at the pivot scale k * for the horizon crossing.
Note that we adopt the CMB observations to fix the value m * of the unique mass parameter m introduced to represent the effective mass scale of pair productions and contributions.
The inflation ends at the necessary condition Γ M > H end of Eq. (38), that might not be a sufficient condition. Nevertheless, we use this condition to give bounds on the tensor-to-scalar ratio r and the e-folding numbers N end from the pivot scale k * to the inflation ending scale,
From Eqs. (45) and (46), we have for Γ M > H end ,
yielding the number N end of e-folding before the inflation end 
obtained from the fact that Ω Λ = (H/H * ) 2 − Ω M dominates over Ω M ≈ (χm 2 /3)(H/H * ) 2 , i.e., the matter contribution is completely negligible compared with cosmological "constant" contributions to the inflation of Universe.
Using Eqs. (16) and (17), we recast Eqs. (39) and (13) to At the end of this section, we have to mention that a posteriori the results of slowly varying H in the pre-inflation epoch (see Fig. 1 ) and the inflation epoch (36) in turn justify our approximate calculations (21) and (22) by using formulas for a constancy H, i.e., the adiabatic approximation for the pair-production rate being much larger than the rate of the horizon variation. Before ending, we would like to emphasize that these results of pre-inflation and inflation are obtained without any extra field and/or exotic modeling beyond the effective Einstein equation and semi-classical
Hawking pair production.
V. PAIRS PRODUCTION AND ANNIHILATION
The particle-antiparticle pair production (18) from the spacetime horizon H should be an entropically favorable process. On the other hand, particle-antiparticle pairs can in turn annihilate back to the spacetime (20) . Such back and forth processes 
where the pair-annihilation rate is the same as the pair-production rate (53), become the CPT symmetry of local field theories is held for local microscopic processes (52). Therefore the pairs are not only far from reaching an equilibrium or equipartition with the inflating spacetime, implying that the spacetime horizon temperature is much larger than the pair temperature T H T M .
After the inflation epoch, Γ M > H implies that pairs have large density and rate to annihilate back to the spacetime. The back and forth processes (52) undergo, and an equipartition or a thermal equilibrium between pairs FF and spacetime S can be established. This epoch should be studied by integrating Eqs. (16) and (17) with the rate equation [1, 28] 
This means that in the Universe evolution, the spacetime horizon and pairs are in thermal equilibrium via the process (52).
Actually, at a certain point the pairs decay to light particles rather than annihilate to the spacetime, thus are out of the thermal equilibrium between pairs and spacetime, the thermal density n T H M exponentially decreases and T M > T H .
B. A preliminary discussion of the reheating
The enormous matter entropy (temperatureT ) is generated (increased) by the decay of massive pairs of particles and antiparticles to light particles, when the decay rate should be added to the RHS of the rate equation (54), 
when an enormous amount of light particles (entropy) is produced and the temperature is increased toT . The matter termΩ M dominates over the cosmological termΩ Λ , namely,
These are the initial conditions of the beginning of the Standard Cosmology epoch.
To end this section we would like to mention that in general the cosmological "constant" Ω Λ decreases as the matter content Ω M increases, the Universe stops accelerationä > 0 and starts decelerationä < 0 atä = 0 yielding
which is obtained from Eq. (11), i.e.,
This tells us the balance point of the competition between the cosmological term Ω Λ and matter
term Ω M in the Universe evolution.
VI. COSMIC COINCIDENCE
Analogously to studies presented in previous section, our goal is to find the variations of the horizon H, cosmological term Ω Λ and matter term Ω M , as well as their relationships in the epoch of Standard Cosmology, by integrating the evolution equations (16) and (17) with the initial conditions (59) and (60). In order to do this, we first need to distinguish two different kinds of matter contributions (terms) to the evolution equations (16) and (17), because they follow different evolution laws and start from the different initial conditions.
where h 2 = (H/H) 2 and the dimensionless parameter χm 2 = χ(m/m pl ) 2 1, similar to Eq. (37).
(ii) The second kind is called the "usual" matter of all particles that have been produced by the end of the reheating, referring to the matter contentΩ M (H) in Eq. (60). This is exactly the same as the usual matter content well-studied in the Standard Cosmology. In order not to use too many notations, we henceforth use "usual" notations Ω M and ω M = 1/3, 0 to represent the "usual" matter of relativistic or non-relativistic particles, unless otherwise stated. These notations are the same as those used for the pairs of massive particles and antiparticles in the inflation, and readers should avoid confusions.
As will be immediately explained below, the "usual" matter Ω M approximately follows its own conservation law (x = ln a/ã),
and its evolution is then represented by
and vary smoothly, for the reasons that if the expansion rate is much larger than the decay rate H > Γ decay M , spacetime generated particle-antiparticle pairs (65) have no enough time to undergo the decay process, like a "decoupled" phenomenon, whereas the "coupled" phenomenon Γ decay M > ∼ H [1] so that the decay process can relevantly couples to the Universe evolution through Eqs. (16), (17) and (58). 
From the RHS of this equation, we notice that the coupling between the cosmological term and matter term is not zero, but very small. In addition, the term τ Ω Λ shows that he initial conditions for this differential equation crucially depend on the transitions from one epoch to another, as will be shown below. 
In agreement with the conditions (59) and (60), here we choose the initial condition at a =ã:
for the reason that the transitions from the reheating to the beginning of standard cosmology are radiation dominate and "continuous", they should have the same values of ω M = 1/3 and ω decay M,R . However, this is just an argumentation, it needs a detailed study of the reheating epoch and its transition to the radiation dominant epoch of the Standard Cosmology, since the C eq = 0 (90) is problem can be possibly avoided, provided not only Ω M − Ω M interactions, but also different transitions in various evolution epochs. However, more detailed studies are necessary to reach the conclusion.
D. Possible observations
The Ω Λ − Ω M relation (88) can be rewritten in terms of current observational values Ω 0 Λ and Ω 0 M in unit of the critical density ρ 0 c = 3H 2 0 today,
which can possibly be examined with observations [31] . In particular, how to examine the Ω Λtransition from the present "constant" ∼ (1 + z) τ M tracing back to the track-down evolution ∼ (1 + z) 3 at the large redshift z ∼ 10 3∼4 . We speculate that such Ω Λ -transition should induce the peculiar fluctuations of gravitational field that imprint on the CMB spectrum, analogously to the integrated Sachs-Wolfe effect. On the other hand, from the result (86) that the current value of the cosmological term is the almost same as its value at the radiation-matter equilibrium, and
namely, the current value of the cosmological constant Λ 0 ∝ H 2 0 [32] . In addition, Equations (61) and (62) give the turning point from decelerationä < 0 to accelerationä > 0, yielding
and z turning ≈ 0.67.
VII. SUMMARY AND REMARKS
In this article, we emphasize the cosmological Λ-term in the Einstein equation is attributed to the nature of the spacetime rather than the matter. The matter is produced, via the process of particle and antiparticle pair production, from the spacetime horizon that is mainly due to the cosmological Λ-term in early Universe evolution, and determined by both cosmological and matter terms in latter Universe evolution. Obeying the Einstein equation and conservation law, the cosmological Λ-term varies in time and couples the matter via the horizon of the spacetime.
In this theoretical framework, assuming zero matter content and nonzero cosmological Λ-term as initial conditions of Universe evolution, we derive the time evolution of Universe horizon H, the cosmological term Ω Λ (H) and matter content Ω M (H). In the inflation epoch, we calculate the matter content Ω M (H) that is much smaller than Ω Λ (H) ∝ H 2 . The solution naturally leads to the inflation and results are consistent with observations, possibly shows the large scale anomaly of low amplitude of the CMB power spectrum, and the dark-matter acoustic wave. The studies of the baryogenesis and magnetogenesis in the reheating will be presented in the coming article [33] .
The entropy issue in the Universe evolution deserves a very detailed study in future.
We further apply this theoretical framework to study the Universe evolution after the reheating, In conclusion, we provide a possible scenario to understand the issues of the cosmological constant, cosmic inflation, matter origin, and the cosmic coincidence problem in the framework that the cosmological term is an attribute of the spacetime horizon, which spontaneously undergoes the Hawking pair productions to generate the matter term, and both cosmological and matter terms couple each other via the horizon described by the Einstein equation. There are problems to solve in this theoretical framework, in particular, the problem of the reheating and entropy generation.
Further studies are necessarily required and full numerical approach to this problem is also inviting.
To end this article, we mark that oppositely to the positive mass and negative gravitational potential of the matter, the Ω Λ physically represents a negative mass (8) , whose positive potential leads to the horizon and pair productions, drives the Universe acceleration as an entropy force. In turn, these pairs "screen" the positive potential, increase Ω M and deepen the negative potential.
The positivity of total mass-energy M of the Universe should be expected.
